For the first time the experiments ALEPH, DELPHI, L3 and OPAL have presented preliminary results for fermion-pair and photon-pair production in e + e − collisions on the full LEP2 data set. The details of the experimental measurements and results from their LEP-wide combination are presented. No statistically significant deviations from the Standard Model expectations are observed and lower limits, some obtained in dedicated analyses, for new physics phenomena at 95 % confidence level are derived. The scales of contact interactions are constrained to lie above 10-20 TeV, depending on the helicity structure. The Standard Model has thus been tested at LEP2 down to distances 10 −19 − 10 −20 m. This has many implications, one example being the interpretation of the new result on the anomalous magnetic moment of the muon as coming from muon substructure. For γγ final states the QED cut-offs are Λ + > 0.44 TeV and Λ − > 0.37 TeV. In a combined analysis, using e + e − and γγ final states, the most stringent lower limits to date, M + s > 1.13 TeV (λ = +1) and M − s > 1.39 TeV (λ = −1), on the low gravity effective Planck scale are set. Constrains on the scales of string models like TeV strings and D-branes are derived. In the last case the lower limit is 1.5 − 4 TeV, depending on the coupling strength. *
Introduction Data
The four LEP collaborations ALEPH, DELPHI, L3 and OPAL have taken data at energies above the Z resonance from 1995, starting at 130 GeV, until November 2000, culminating at energies close to 209 GeV. For the first time we have results on the full LEP2 data set, giving a flavor of the expected final experimental precision and sensitivity to physics beyond the Standard Model (SM). With minor exceptions, the data up to 189 GeV centre-of-mass energy are final, and the data collected in 1999 and 2000 at energies between 192-209 GeV preliminary. The luminosity accumulated above the Z pole in a single experiment is summarized in Table 1 . In the same table the statistical error on the hadronic cross section is given in %. The combined error for the total sample is ∼ 0.4%, and for the most interesting non-radiative (or genuine high energy) sample ∼ 0.8%. If we combine the measurements of the four experiments the statistical error is reduced by a factor of two. Clearly LEP2 has reached the phase of high precision, putting additional requirements on the careful study of systematic effects and on matchingly accurate theory predictions.
Fermion-pair Production
In the Standard Model the production of a fermion-pair in e + e − collisions is described by the exchange of γ or Z in the s-channel, and if the final state is identical to the initial one, also in the t-channel (cf. Figure 1 ).
The differential cross section has the form: dσ dΩ = |γ s + Z s + elec * (γ t + Z t ) + New P hysics ?!| 2
where the contributing amplitudes are denoted symbolically by γ s , Z s , γ t and Z t .
As an illustration the hadron cross is given in Figure 2 as a function of the centre-of-mass energy. The contributions from photon or Z exchange are shown separately together with the total cross section, which includes also interference effects. We can observe that at 200 GeV the contribution from photon exchange has a size similar to the one coming from Z exchange. For leptonic final states, due to the higher electric charges, the photon exchange dominates. In the same figure the forward-backward asymmetry for muons is shown. Here the contributions from photon or Z exchange show up as straight lines close to zero, and the large positive asymmetry above the Z pole is totally dominated by the interference term. The interest in studying fermion-pair final states at LEP2 is driven by the fact that many types of new physics scenarios can contribute to these processes, as shown by the last amplitude in Equation (1) . For this to happen, the couplings to the initial and final states should be different from zero. In this case, even if the Standard Model extension operates at an energy scale much higher than the accessible centre-of-mass energy for a direct observation, it can still give measurable effects by modifying the differential cross section through interference with the SM amplitudes.
Contact Interactions
Contact interactions offer a general framework for describing a new interaction with typical energy scale Λ ≫ √ s. The presence of operators with canonical dimension N > 4 in the Lagrangian gives rise to effects ∼ 1/M N −4 . Such interactions can occur for instance, if the SM particles are composite, or when new heavy particles are exchanged.
For fermion-or photon-pair production the contact interactions are described by the diagrams shown in Figure 3 . In the fermion case, the lowest order flavor-diagonal and helicityconserving operators have dimension six [1] . For photons the lowest order operators have dimension eight, leading to suppression of the interference terms as the inverse forth power of the relevant energy scale. The differential cross section takes the form
where the first term is the Standard Model contribution, the second comes from interference between the SM and the contact interaction, and the third is the pure contact interaction effect. The Mandelstam variables are denoted as s, t and u. Usually the coupling is fixed, and the structure of the interaction is parametrized by coefficients for the helicity amplitudes: g coupling (by convention
for ff; ∼ 1 Λ 4 for γγ Some often investigated models are summarized in Table 2 . The models in the second half of the table are parity conserving, and hence not constrained by the very precise measurements of atomic parity violation at low energies. The results presented in this contribution cover the models in the table and, as we will see in a moment, have connection to the recent searches for extra spatial dimensions.
As an illustration the effects of contact interactions for one particular model are shown in Figure 4 . 
Low Scale Gravity
The fastest progress in physics comes when we deepen our understanding of space-time. The development of string theory points to the existence of up to seven additional dimensions, which are compactified at very small distances, initially estimated to be ∼ 10 −32 m, and hence far below the scales probed at high energy colliders. Recently, a radical proposal [2] has been put forward for the solution of the hierarchy problem, which brings close the electroweak scale m EW ∼ 1 TeV and the Planck scale
TeV. In this framework the effective four-dimensional M P l is connected to a new M P l(4+n) scale in a (4+n) dimensional theory:
where there are n extra compact spatial dimensions of radius ∼ R, which could be as large as 1 mm. This can explain the observed weakness of gravity at large distances. At the same time, quantum gravity becomes strong at a scale M of the order of few TeV and could have observable signatures at present and future colliders. The attractiveness of this proposal is enhanced by the plethora of expected phenomenological consequences described by just a few parameters. In the production of fermion-or boson-pairs in e + e − collisions this class of models can be manifested through virtual effects due to the exchange of gravitons (Kaluza-Klein excitations), depicted in Figure 5 . As discussed in [5] [6] [7] [8] , the exchange of spin-2 gravitons modifies in a unique way the differential cross sections for fermion pairs, providing clear signatures. These models introduce an effective scale (cut-off), denoted as M s in [5, 6] , as Λ T in [7] and again as M s in [8] . The first two scales are connected by the relation M s = (2/π) 1/4 Λ T , which gives numerically Λ T = 1.1195 M s . They do not depend on the number of extra dimensions. In the third case the scale exhibits such a dependence; the relation to the other scales is given by M HLZ s | n=4 = Λ T for four extra dimensions. As the majority of LEP experiments has decided to use the scale M s of [5] , we will stick to this notation throughout this paper, and convert the experimental results when necessary to facilitate the comparison. The cut-off scale is supposed to be of the order of the fundamental gravity scale M in 4+n dimensions. The results are model-dependent, which is usually expressed by the introduction of an additional parameter
The value of λ is not known exactly, the usual assumption is λ = ±1 to allow for both constructive and destructive interference effects.
String Models
The ideas outlined in the previous subsection have triggered new developments, which propose concrete string realizations of the large extra dimensions scenario. We will discuss two models of this type.
As noted in [9] , the low-energy effective theory that we are dealing with is derived from an underlying theory of quantum gravity. And the only known consistent framework for the description of quantum gravity is superstring theory. In string models the SM particles are extended structures, represented by massless modes of open strings on a set of branes. In this model massive string mode oscillations (called TeV strings) give rise to dimension-8 operators which modify the SM amplitudes and are expected to dominate over the effects coming from Kaluza-Klein excitations. The model has two basic parameters: the dimensionless Yang-Mills coupling constant g Y M and the string scale -M S 1 . The relation to the fundamental gravitational scale M is depending on the coupling
where α = g 2 Y M /4π, and the values 3.0 (1.6) correspond to α = 1/137 (α s (1 TeV)) respectively. In this model the tree-level open string four-point amplitudes are multiplied by a string form factor (first introduced by G. Veneziano [11] )
For e + e − → e + e − the differential cross section is modified:
For e + e − → γγ one can use Drell's parametrization (QED cut-off, cf. next subsection)
In a new D-brane model [12] , the Standard Model matter fields are identified with massless modes of open strings stretched between two sets of branes -D3 and D7 branes (37 strings). In this scenario we can have dimension-6 operators due to contact interactions induced by massive string oscillators. These effects can be stronger than the ones coming from Kaluza-Klein states or winding modes and will dominate the dimension-8 operators coming from TeV strings.
Photon-pair Production
The production of photon pairs in e + e − collisions is described by the t-and u-channel QED diagrams depicted in Figure 6 .
The differential cross section has the following simple form
The experiments have investigated many proposed deviations from QED: 
The QED cut-off -Equation (11) , is the basic form of possible deviations from quantum electrodynamics. If we ignore higher order terms (given by ...), all equations except Equation (16) predict the same form of deviations in the differential cross section. Equation (12) is the low scale gravity case [7, 14] , and Equation (13) 2 Fermion-pair production:
The large data samples accumulated at LEP2 have propelled the measurements of several final states in the precision area, where many tiny theoretical details or experimental systematic effects start to grow in importance. For instance, the signal definition for fermion pairs is complicated by several factors:
• Interplay between two-fermion and four-fermion final states: the radiative corrections include not only effects due to vector bosons, but also contributions from real and virtual fermion pairs, cf. • The definition of the effective (propagator in Figure 1 ) energy s ′ is not unique due to interference between initial-and final-state radiation:
-the interference changes the cross-sections: for √ s ′ / √ s > 0.85 by ∼ 1.5% for µ + µ − and ∼ 0.5% forin order O(α) (the experimental efficiency is changed by ≤ 50% of this)
-the experiments either apply a correction by subtracting the interference contribution, rendering the √ s ′ definition unique, or define √ s ′ as the effective mass of the outgoing fermion pair after final state radiation; there is no unanimity about the "best" definition, requiring the minimal amount of theoretical corrections; for a detailed discussion we refer the reader to [16] .
• Rising four-fermion background: LEP2 is the kingdom of double (or single) weak boson production like W + W − , ZZ, Z e + e − , Weν, ...
Fermion Pairs -Selection
The event selection for the different final states is illustrated on Figure 8 . For e + e − it is 'quite easy', and consists of requiring an identified electron-positron pair (typically tracks matched to electromagnetic energy deposits). The huge peak at electron (or positron) energy in the vicinity of the beam energy is due to the large contribution form t-channel photon exchange. The backgrounds are tiny. Forthe selection is 'easy', and asks for high multiplicity relatively balanced events with substantial visible energy. The high energy peak is accompanied by a huge peak due to radiative 'Z returns', favored by the large hadron cross section at the Z pole. For µ + µ − the selection is 'still easy', asking for two muons identified as tracks in the muon chambers or as minimum ionizing objects in the calorimeters. The ratio of the muon and beam momenta clearly separates the signal from various backgrounds peaking at low energies. Cosmic muons complicate the picture, and are typically suppressed by imposing space-time constrains on the tracks to originate from beam interactions. For τ + τ − the selection is 'far from easy', and consists typically of requiring two narrow low multiplicity jets. The ratio of jet to beam energy suppresses low energy backgrounds, and the peak at one is absent due to the neutrinos from τ decays. Bhabha backgrounds are dangerous, especially if there are problems with energy measurements in the endcaps.
LEP2 ff Group
Following the LEP tradition, a Fermion-pair Subgroup of the LEP Electroweak Working Group has been established in 1999 in order to combine the measurements of total and differential cross sections σ tot and dσ dcos θ , of forward-backward asymmetries A FB , and of the ratios of heavy flavor to total hadronic cross sections for beauty and charmed quarks R b and R c . In this way the statistical error of the combined measurements is reduced by a factor of two, and several types of correlated systematic errors, e.g. in one experiment between different centre-of-mass energies or between all experiments, can be properly taken into account. The group also provides a very useful forum for exchange of ideas and facilitates the convergence of the signal definitions used by the different collaborations, making the task of combining the measurements much easier.
At the moment of this writing we have succeeded to combine the published results [17, 18, 20, 29] and preliminary measurements [32, 35, 37, 39] for the following final states:
− , qq, bb and cc. The results [41] are shown in the next subsection. They are used to perform combined fits searching for contact interactions or for Z ′ . The future plans of the group include combining the measurements of the e + e − and γγ final states. In the absence of LEP-wide combined measurements, for the purpose of this talk I have followed a top-down approach and extracted limits on models beyond the Standard Model by fitting directly the preliminary results of the four LEP collaborations for e + e − , or by using as input the results of the fits for the QED cut-off of the individual experiments for γγ .
Results
The combined results for the total cross section σ tot and for the forward-backward asymmetry A FB are shown in Figure 9 . In the same figure the measurements for b and c quarks are shown. They agree well with the SM expectations above the Z resonance. A special case is the hadron cross section, which shows the tendency to lie above the SM line, computed with ZFITTER [42] . The averaged cross section is between 2 and 3 standard deviations away from the expectation, depending on the assigned normalization uncertainty. The high precision of the measurements requires improvements in the theoretical uncertainty and independent cross-checks.
3 Photon-pair production:
The event selection is similar to the one for e + e − , with the major difference that here the (absence of) tracking information is used to veto tracks associated with the electromagnetic clusters, and there is no need to recognize the electric charge. Measurements of total and differential cross sections for γγ final states [43] are shown in Figure 10 
Searches for New Phenomena: Contact Interactions and Extra Dimensions
The LEP measurements show no statistically significant deviations from the SM predictions. In their absence we present limits at 95 % confidence level on several new physics proposals. The LEP2 ff group has derived limits on contact interactions [41] for µ + µ − , τ + τ − and the two channels combined (Table 3 , Figure 11a ), for qq, bb (Figure 11b ) and cc. 
The values for ε from Table 3 are maximally 1.5 standard deviations away from the Standard Model value ε = 0. The recent measurement from the E821 experiment at BNL [48] on the anomalous magnetic moment of the muon shows a 2.6 standard deviations discrepancy with theory. As pointed out in [49] , if the experimental result is ascribed to muon substructure, the model-independent limit on the energy scale is 1.2 TeV < Λ µ < 3.2 TeV at 95 % CL. The LEP limits from e + e − → µ + µ − are based on the assumption of a common energy scale for electrons and muons: Λ e ≃ Λ µ . While there is no a priori reason for the first-and second-generation lepton substructure scales to be close, the 10-20 TeV range of the LEP limits implies a very high scale for electrons if the new experimental result is originating from muon compositeness.
Some experiments [50] have updated their limits on the low gravity or TeV string scales, using the most sensitive channel at LEP2 -Bhabha scattering [52, 53] . The measurements are compared to the SM or to theories with large extra dimensions in Figure 12 The reaction e + e − → γγ is a sensitive "QED laboratory". The limits obtained by the LEP experiments [43] are compiled in Table 4 . In the last column of the table I have combined the limits, using as input the results of the fits for the QED cut-off of the individual collaborations. Here the assumption that the log-likelihood curve in the variable 1/Λ 4 can be approximated with one coming from the normal distribution is made. Then it is straightforward to combine the measurements and to extract LEP-wide limits. The individual results are very close to this behaviour, and the resulting uncertainty in the limits is only a few %. This is used further as input to translate the limits in the language of low scale gravity and TeV strings, taking into account also the sign conventions. The need to obtain combined limits on the low gravity scale has been recognized early [52, 54, 56] , and LEP results are shown in Table 5 , together with the new L3 and OPAL limits presented for this conference. In the last part of the table the results of combined fits to the preliminary measurements of σ tot and A FB for Bhabha scattering are shown. Here I have updated the analysis [52] , applying the same technique. The highest energy LEP data on e + e − and γγ clearly improve the sensitivity of the first combined analyses, which used data up to 189 GeV. Applying the method for combining the γγ limits, described above, a LEP-wide limit, shown in the last row of Table 5 , is extracted from the two most sensitive channels. It is interesting to compare the newest LEP limits with the results from other colliders. The D O collaboration at FNAL has performed an analysis [57] using events containing a pair of electrons or photons, which turn out to give the highest sensitivity at the TEVATRON. The two-dimensional distribution in invariant mass and polar angle is fitted. The result is:
It is interesting to note that in spite of the low statistics at high mass, the extended energy coverage of the hadron collider is helpful, and the limits are pretty close to the most stringent lower limits to date, coming from LEP -cf. Table 5 . Run II at the TEVATRON can improve substantially the results [58] , especially by accumulating events at high mass. The H1 collaboration has presented limits [59] from deep inelastic scattering at HERA:
These limits are somewhat lower than those from LEP or the TEVATRON, and the next run is expected to improve the sensitivity. The L3 collaboration has updated the limit on the TeV strings scale, as shown in Table 6 . In this table also the combined limit extracted from the latest results for the γγ final state is shown. The limits are still below the result from the first combined analysis [53] . The last model investigated here is contact interaction coming from two sets of D-branes [12] . In the case of muons and taus we can use directly the limits obtained by the LEP2 ff group for the VV model with positive interference. The scales are connected as:
The value of the coupling constant g S is not known exactly, and the results are given for
, with g Y M the gauge coupling, and for the extreme choice
. For electrons the D-brane model predicts a novel type of helicity structure:
− → e + e − : 0.75η LL = 0.75η RR ≃ η LR = η RL = 1
so we can not use directly limits provided by the individual experiments. A dedicated analysis is performed, using as input the preliminary measurements of σ tot and A FB for Bhabha scattering from the four LEP collaborations. The results are summarized in Table 7 . They show a significant improvement compared to the limits in [12] , due to the inclusion of the electron channel and the 2000 data. 
